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(57) ABSTRACT

Cooling assemblies including a porous three dimensional
surface such as a heat sink are disclosed. In one embodi-
ment, a cooling assembly includes a heat transfer substrate
having a surface, a thermally conductive fin extending from
the surface, a metal mesh bonded to a surface of the
thermally conductive fin, and sintered metal particles
bonded to the metal mesh and the surface of the thermally
conductive fin. The metal mesh defines a macro-level poros-
ity, and the sintered metal particles define a micro-level
porosity. In another embodiment, a cooling assembly
includes a heat transfer substrate having a surface, a ther-
mally conductive fin extending from the surface of the heat
transier substrate, and sintered metal particles bonded to the
surface of the thermally conductive fin. An average diameter
of the sintered metal particles increases from a base of the
thermally conductive fin to a top of the thermally conductive

fin.
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COOLING ASSEMBLIES HAVING POROUS
THREE DIMENSIONAL SURFACES

TECHNICAL FIELD

The present specification generally relates to cooling
assemblies and, more particularly, to cooling assemblies
having a porous three dimensional surface for enhanced
nucleation.

BACKGROUND

Heat generating devices, such as power semiconductor
devices, may be coupled to a heat spreader to remove heat
and lower the maximum operating temperature of the heat
generating device. In some applications, cooling fluid may
be used to receive heat generated by the heat generating
device by convective thermal transier, and remove such heat
from the heat generating device. In two-phase heat cooling
devices, heat transter 1s provided by the phase-change of the
cooling tluid from a liquid to a vapor by nucleation. Rough
or porous surfaces provide additional nucleation sites to
encourage boiling. In addition to two-phase heat transfer, jet
impingement may also be used to cool a heat generating
device by directing impingement jets of cooling fluid onto
the heat generating device or a target surface that 1s ther-
mally coupled to the heat generating device.

Accordingly, a need exists for structures that provide for
increased nucleation site density for enhanced thermal per-
formance 1n two-phase cooling assemblies.

SUMMARY

In one embodiment, a cooling assembly includes a heat
transier substrate having a surface, a thermally conductive
fin extending from the surface of the heat transfer substrate,
and sintered metal particles bonded to the surface of the
thermally conductive fin. The sintered metal particles define
a micro-level porosity. An average diameter of the sintered
metal particles increases from a base of the thermally
conductive {in to a top of the thermally conductive fin.

In another embodiment, a cooling assembly includes a
heat transier substrate having a surface, an array of ther-
mally conductive fins extending from the surface of the heat
transfer substrate, and a metal mesh that 1s diffusion bonded
to the array of thermally conductive fins and a surface of the
heat transfer substrate between adjacent thermally conduc-
tive fins of the array of thermally conductive fins. The metal
mesh defines a macro-porosity.

In yet another embodiment, a cooling assembly includes
a heat transfer substrate having a surface, a thermally
conductive fin extending from the surface of the heat trans-
fer substrate, a metal mesh bonded to a surface of the
thermally conductive fin, and sintered metal particles
bonded to the metal mesh and the surface of the thermally
conductive fin. The metal mesh defines a macro-level poros-
ity, and the sintered metal particles define a micro-level
porosity.

These and additional features provided by the embodi-
ments described herein will be more fully understood in
view of the following detailed description, 1n conjunction
with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The embodiments set forth in the drawings are 1llustrative
and exemplary in nature and not intended to limit the subject
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2

matter defined by the claims. The following detailed descrip-
tion of the i1llustrative embodiments can be understood when

read in conjunction with the following drawings, where like
structure 1s indicated with like reference numerals and 1n
which:

FIG. 1 schematically depicts a cross sectional view of a
cooling assembly including a multiple-level porosity heat
sink according to one or more embodiments described and
illustrated herein;

FIG. 2A schematically depicts a top-down perspective
view of a multiple-level porosity heat sink on a surface of a
heat transier substrate of a cooling assembly according to
one or more embodiments described and 1llustrated herein;

FIG. 2B schematically depicts a top-down view of the
multiple-level porosity heat sink on the surface of the heat
transier substrate depicted 1n FIG. 2A;

FIG. 3 schematically depicts a close-up perspective view
of a single fin of the multiple-level porosity heat sink
depicted 1n FIGS. 1-2B according to one or more embodi-
ments described and 1llustrated herein;

FIG. 4 schematically depicts a close-up perspective view
of encircled region 4 of the metal mesh depicted in FIG. 3
according to one or more embodiments described and 1llus-
trated herein;

FIG. § schematically depicts a close-up perspective view
of encircled region 5 of the metal mesh depicted 1n FIG. 4
according to one or more embodiments described and 1llus-
trated herein;

FIG. 6 schematically depicts a partial perspective view of
a fin having variably sized metal particles that define a
porosity gradient according to one or more embodiments
described and 1illustrated herein;

FIG. 7 schematically depicts a metal mesh being applied
to fins of a heat sink on a heat transfer substrate according
to one or more embodiments of methods of fabricating a
multiple-level porosity heat sink of a cooling assembly;

FIG. 8 schematically depicts a metal mesh and a fixture
containing metal particles being applied to fins of the heat
sink on the heat transfer substrate depicted in FIG. 7
according to one or more embodiments ol methods of
fabricating a multiple-level porosity heat sink of a cooling
assembly;

FIG. 9 schematically depicts a heat treatment process of
bonding the metal mesh and metal particles to the fins and
the surface of the heat transier substrate depicted 1n FIGS.
7 and 8 according to one or more embodiments of methods
of fabricating a multiple-level porosity heat sink of a cooling
assembly;

FIG. 10 schematically depicts a multiple-level porosity
heat sink on a heat transfer substrate after removal of the
fixture upon completion of the heat treatment process
depicted 1n FIG. 9 according to one or more embodiments of
methods of fabricating a multiple-level porosity heat sink of
a cooling assembly; and

FIG. 11 schematically depicts a fixture and metal mesh
applied to the fins and the surface of the heat transfer
substrate wherein metal particles are subsequently applied to

a cavity of the fixture through one or more inlets according
to one or more embodiments.

DETAILED DESCRIPTION

Referring generally to the figures, embodiments of the
present disclosure are directed to two-phase cooling assem-
blies comprising a multiple-porosity, three-dimensional
structure 1n the form of a heat sink on the heat transfer

substrate that improves two-phase heat transier by creating
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multiple sites for nucleate boiling to occur. In embodiments,
a cooling fluid 1s introduced (e.g., by jet impingement or
passive fluid tlow) 1nto a vapor chamber. A heat generating
device, such as a power semiconductor device, heats the heat
transier substrate and the multiple-porosity heat sink such
that cooling fluid present on the multiple-porosity heat sink
changes phase from liqud to vapor, thereby removing heat
flux from the heat transier substrate. The multiple-level
porosity heat sink comprises a macro-level porosity defined
by a metal mesh (e.g., a copper mesh) bonded to one or more
thermally conductive fins of heat sink, and a micro-level
porosity defined by metal particles bonded to the metal mesh
and the surface of the one or more fins. Accordingly, the
multiple-level porosity structure has both a micro- and
macro-level porosity to increase nucleation site density,
increase available heat transier area, provide for capillary
assisted flow of cooling fluid, and provide additional paths
for vapor to escape from the micro-level pores. Various
embodiments of cooling assemblies and power electronics
modules having multiple-level porosity heat sinks are dis-
closed.

Referring now to FIG. 1, an exemplary power electronics
module 100 comprising a heat generating device 104 ther-
mally coupled to a two-phase cooling assembly 101 1s
schematically depicted. The heat generating device 104 may
be any device that generates heat, such as, for example,
semiconductor devices. Semiconductor devices may
include, but are not limited to, mnsulated gate bipolar tran-
sistors (IGBT), metal-oxide-semiconductor field eflfect tran-
sistors (MOSFET), power diodes, power bipolar transistors,
power thyristor devices, and the like. As an example and not
a limitation, the semiconductor device and associated power
clectronics module 100 may be included as a component 1n
an mnverter and/or converter circuit used to provide electrical
power to high load devices, such as electric motors in
clectrified vehicles (e.g., hybrid vehicles, plug-in hybnd
clectric vehicles, plug-in electric vehicles, and the like). It
should be understood that the cooling assemblies described
herein may also be used to cool heat generating devices
other than semiconductor devices (e.g., mechanical devices,
such as motors).

The cooling assembly 101 generally includes a heat
transier substrate 110, an impingement chamber 105 defined
in part by an assembly body 103, a multiple-level porosity
heat sink 120 extending from a surface 112 of the heat
transier substrate 110, and an impingement jet assembly 106
configured to direct jets of cooling fluid 130 toward the
multiple-level porosity heat sink. It 1s noted that the illus-
trated cooling assembly 101 1s configured as an 1mpinge-
ment jet device wherein the jets of cooling fluid 130 impinge
the heat transfer substrate 110 and the multiple-level poros-
ity heat sink 120. However, embodiments are not limited to
impingement jet devices. For example, in an alternative
embodiment, the cooling fluid may flow across the multiple-
level porosity heat sink 120 without direct impingement.

The impingement jet assembly 106 includes a fluid input
channel 107 through which cooling fluid flows from a fluid
inlet (not shown). Examples of cooling fluids that may be
used 1n conjunction with the cooling assembly 101 include
a variety of fluids including, for example and without
limitation, water, organic solvents, and inorganic solvents.
Selection of the composition of the fluid used 1n association
with the cooling assembly 101 may be selected based on,
among other properties, the boiling point and the density of
the flud.

The impingement jet assembly 106 comprises a jet plate
102 having an array of orifices 108 through which the
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coohng fluid flows as high velocity impingement jets 130
that impinge the multiple-level porosity heat sink 120 and
the first surface 112 of the heat transfer substrate. The heat
flux provided by the heat generating device 104 changes the
cooling fluid 130 from a liquid to a vapor 131 for two-phase
heat transfer within the impingement chamber 105. The
vapor 131 moves away from the multiple-level porosity heat
sink 120 and flows toward a vapor outlet 109, which 1n the
illustrated embodiment 1s located on a top surface of the
cooling assembly 101. Alternatively, the vapor outlet 109
may be provided on one or more sides of the cooling
assembly 101. As described 1n more detail below, the
multiple levels of porosity of the multiple-level porosity heat
sink 120 assists in the boiling of the cooling tluid. The vapor
may be condensed and then returned to the cooling assembly
101 1n a closed-loop system.

The impingement chamber 105 1s defined by the heat
transier substrate 110, the assembly body 103, and the
impingement jet assembly 106. The assembly body 103,
which may also be fabricated from a thermally conductive
material 1n some embodiments, may be bonded to the heat
transier substrate 110. Alternatively, the assembly body 103
and the heat transier substrate 110 may be configured as a
single, itegral component.

Referring to FIGS. 2A and 2B, the heat transfer substrate
110 includes a first surface 112 (1.e., a target surface that
receives the cooling fluid) and a second surface 114 (i.e., a
heat transier surface). FIG. 2A 1s a perspective view and
FIG. 2B 1s a top-down view of the heat transier substrate
110. The heat generating device 104 1s thermally coupled to
the second surface 114 of the heat transfer substrate 110 by
any appropriate method including, but not limited to, solder,
thermal paste, brazing, clamping and the like. The heat
transier substrate 110 may be made of a thermally conduc-
tive material (e.g., a metal or metal alloy) to recerve heat tlux
created by the heat generating device 104. Exemplary mate-
rials for the heat transfer substrate 110 include, but are not
limited to, copper, aluminum, gold, alumina, and aluminum
nitride.

A three-dimensional structure, which in the illustrated
embodiment 1s a straight-finned heat sink comprising an
array of thermally conductive fins 121, extends from the first
surface 112 of the heat transfer substrate 110. It should be
understood that embodiments are not limited to the configu-
ration of the array of fins 121, as other configurations are
also possible. Any number of fins 121 may be provided 1n
any shape (e.g., pin {ins, curvy {ins). In some embodiments,
the array of fins 121 1s an integral component with the heat
transier substrate 110 (e.g., the array of fins 121 are
machined, etched, or otherwise formed within the first
surface 112). In other embodiments, the individual fins or
the array of fins 121 are separate components that are
bonded to the first surface 112 of the heat transier substrate
110 (e.g., by soldering, brazing, etc.). In embodiments, the
array of fins 121 may be made of the same thermally
conductive material as the heat transier substrate 110.

A metal mesh 124 1s bonded to the array of fins 121 and
the first surface 112 of the heat transier substrate 110. The
metal mesh 124, which may be 1n the form of a single layer
of metal mesh or multiple, discrete mesh sections, provide a
macro-level porosity for the multiple-level porosity heat
sink 120 to enhance thermal performance. Although FIGS.
2A and 2B depicts a single, continuous metal mesh 124
bonded to the surfaces of the fins 121 and the first surface
112 between adjacent fins 121 (1.e., a base surface of the heat
sink 120), embodiments are not limited thereto. For
example, a metal mesh 124 may be applied to some, but not




US 9,803,938 B2

S

all, of the fins 121. As another non-limiting example, the
metal mesh 124 may only be applied to the surfaces of the
fins 121 and not to the first surface 112 of the heat transfer
substrate 110. Other configurations are also possible.

As described in more detail below with reference to FIG.
5, one or more layers of small metal particles 127 are bonded
to the metal mesh, the array of fins 121, and the first surface
112 of the heat transier substrate 110. The small metal
particles 127, which may have an average size between
about 10 um and about 200 um, for example, provide a
micro-level porosity for the multiple-level porosity heat sink
120. Accordingly, the metal mesh 124 provides a macro-
level porosity and the metal particles 127, which are sintered
as described below, provide the micro-level porosity.

FIG. 3 depicts a perspective view of a single fin 121 of the
heat transier substrate 110 depicted 1n FIGS. 1, 2A, and 2B.
FIG. 4 depicts a close-up perspective view of a portion of the
metal mesh 124 shown 1in FIG. 3. As shown 1n FIG. 3, the
metal mesh 124 may be disposed on some or all surfaces 125
of the fin(s) 121, as well as on portions of the first surface
112 of the heat transfer substrate 110, such as between
adjacent fins 121 and region extending beyond the first and
last fins 121. The metal mesh 124 may be bonded to the fins
121 and the first surface 112 by diffusion bonding, for
example. It 1s noted that the metal mesh 124 1s 1llustrated
schematically 1n the figures, and the pitch of the metal mesh
may be smaller than depicted throughout the figures.

In embodiments, the metal mesh 124 1s fabricated from
the same thermally conductive material as the fins 121. In
one non-limiting example, the heat transfer substrate 110,
the fins 121, and the metal mesh 124 are fabricated from
copper. It should be understood that other thermally con-
ductive materials (e.g., metals or metal-alloys) may be
utilized.

As shown 1n FIG. 4, the metal mesh 124 comprises open
cells 123 that define the macro-level porosity. The thickness
of the metal material of the metal mesh 124 and the size of
the open cells 123 depends on the desired macro-level
porosity. In embodiments, the metal mesh 124 may provide
a macro-level porosity of about 50%. Other porosities may
be provided depending on the desired heat transier charac-
teristics of the cooling assembly 101. Any suitable metal
mesh material may be used. Two non-limiting examples
include #100 copper mesh and #200 copper mesh (or other
thermally conductive maternial). Metal meshes having a
geometric configuration different from that illustrated in
FIG. 4 may also be utilized.

It 1s noted that the open cells 123 of the metal mesh
provide for increased heat transier surface area as well as
increased nucleation sites.

Referring now to FIG. 5, the small metal particles 127 are
bonded to the metal mesh 124 and the surface 125 of the fins
121 by a sintering and/or diffusion bonding process, as
described 1n more detail below. FIG. 5 1s a close-up per-
spective view ol a metal mesh 124 and metal particles
applied to a surface 125 of an individual fin 121. Although
not shown 1n FIG. 5, the metal particles 127 may also be
bonded to the first surface 112 of the heat transier substrate
110 (see FIGS. 2A and 2B).

In embodiments, the metal particles 127 are sintered on
the metal mesh 124, the surfaces 125 of the fins 121, and the
first surface 112 of the heat transier substrate 110 and form
a layer of metal particles 127 thereon. As described 1n more
detail below, the metal particles 127 may be provided 1n a
metal powder or slurry that applied to the appropnate
surfaces and then subjected to a heat treatment process. The
material of the metal particles 1s capable to be bonded to the
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fins 121, the metal mesh 124, and the heat transier substrate
110 using a heat treatment process. In embodiments, the
metal particles are made from the same material as the fins
121 and the metal mesh 124. As a non-limiting example, the
heat transfer substrate 110, the fins 121, the metal mesh 124,
and the metal particles are fabricated from copper.

The size of the metal particles 127 used may depend on
the desired micro-level porosity of multiple-level porosity
heat sink 120. As an example and not a limitation, the
average size ol the metal particles may be between about 10
um and about 200 um, and the micro-level porosity provided
by the sintered metal particles may be between about 50%
and about 60%. Embodiments are not limited to any thick-
ness of the layer of metal particles 127. The metal particles
127 may be provided 1n a 0.250 mm thick layer in one
non-limiting example.

Embodiments described herein are not limited to both
macro- and micro-levels of porosity. For example, in alter-
native embodiments, only the metal mesh 124 may be
provided such that the heat sink 120 has only the macro-
level porosity described above. In such embodiments, the
metal mesh 124 1s bonded to a three-dimensional surface
(e.g., fins and base surface of a heat sink 120) to provide
additional surface area and nucleating sites on the three-
dimensional surface. The metal mesh 124 may be bonded to
the three dimensional surface by diffusion bonding, as
described above.

In other embodiments, only the metal particles 127 are
provided such that the heat sink 120 only has the micro-level
porosity described above. In such embodiments, the metal
mesh 124 1s not provided. The metal particles 127 are
bonded (e.g., by sintering and/or diffusion bonding) to a
three-dimensional surface (e.g., fins and base surface of a
heat sink 120) to provide a three-dimensional, micro-porous
surface that increases nucleating site density. Referring to
FIG. 6, In some embodiments, size and/or distribution of the
metal particles 127", 127", 127" may be controlled to
achieve a desired porosity gradient on the surface 125 of the
fins 121. The porosity gradient may be provided to achieve
a capillary pumping eflect to move coolant 1n a desired
manner. As an example and not a limitation, the metal
particles on the first surface 112 of the heat transfer substrate
110 and regions on the surfaces 125 of the fins 121 close to
the first surface 112 (1.e., particles 127" at a base of the fins
121) may have an average size that 1s smaller than the size
of the metal particles 127" near or at the top of the fins 121
(e.g., the size of the metal particles may increase from about
10 um near the first surface to about 200 um near the top of
cach fin 121). Accordingly, the size of the metal particles
may gradually increase to provide an increasing porosity
gradient from the first surface 112 to the top of the fins 121.
It should be understood that the porosity gradient may also
be utilized 1n embodiments including the metal mesh 124.

Referring generally to FIGS. 1-5, the functionality of the
power electronics module 100 including the cooling assem-
bly 101 will now be described. Jets of cooling fluid 130 exat
the orifices 108 of the impingement jet assembly 106 and
impinge the multiple-level porosity heat sink 120 and the
first surface 112 of the heat transier substrate 110. As stated
above, 1n other embodiments, the cooling fluid may be
introduced 1n a non-1mpinging manner (e.g., through an inlet
that allows the cooling fluid to flow across the first surface
112 of the heat transfer substrate 110). The heat transfer
substrate 110 and the multiple-level porosity heat sink 120
are at an elevated temperature due to the heat flux generated
by the heat generating device 104. Heat 1s transierred from
the multiple-level porosity heat sink 120 and the heat
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transter substrate 110 to the cooling fluid 130 upon 1impinge-
ment and flow within the multiple-level porosity heat sink
120 and on the first surface 112.

The high temperature causes the cooling fluid 130 to
change phase from a liquid to a vapor within the impinge-
ment chamber 105. The micro-level porosity of the sintered
metal particles 127 provide for increased nucleating site
density over a tlat, non-porous surface, thereby promoting
nucleation. The three dimensional, open cell structure of the
metal mesh 124 provides for increased surface area for
nucleation and heat transfer to the cooling fluid. Further, the
three-dimensional arrangement provided by the fins 121 of
the multiple-level porosity heat sink 120 also provides
increase heat transfer area and additional nucleation sites.
Both the micro-level porosity and the macro-level porosity
of the multiple-level porosity heat sink 120 provides volume
for the vapor to escape from the multiple-level porosity heat
sink 120 and away from the heat generating device 104,
thereby 1increasing heat transfer efliciency. Further, the
micro-level porosity of the multiple-level porosity heat sink
120 provides heat transfer enhancement due to the capillary
assisted flow of coolant fluid. In embodiments, as shown in
FIG. 1, vapor may be removed from the impingement
chamber 105 through one or more vapor outlets 109.

An example method of fabricating a cooling assembly
101 having a multiple-level porosity heat sink 120 will now
be described with reference to FIGS. 7-10. FIG. 7 depicts a
partial side view of a heat transfer substrate 110 with an
array of fins 121 defining a heat sink 120 extending from a
first surface 112. As described above, the fins 121 and the
heat transier substrate 110 may be provided as an integral
component. The fins 121 and heat transfer substrate 110 may
be any appropriate thermally conductive metal or metal
alloy. In a specific non-limiting example, the fins 121 and the
heat transier substrate are fabricated from copper. Each of
the fins 121 has an external surface 1235 to which the metal
mesh 124 and metal particles will be applied.

FI1G. 7 also depicts a metal mesh 124 as described above
prior to being positioned on the fins 121. The metal mesh
124 may be automatically (i.e., by a robot or an automated
machine) or manually (1.e., by human operator) moved
toward the fins 121 and the heat transfer substrate 110 as
indicated by arrow A.

Referring now to FIG. 8, the metal mesh 124 15 depicted
as resting on a top surface of the fins 121. Alternatively, the
metal mesh 124 may be prepositioned between adjacent fins
121 rather than only resting on top. A fixture 140 having an
iverse geometry from the array of fins 121 and the first
surface 112 of the heat transfer substrate 110 1s provided.
More specifically, the fixture 140 includes a recessed portion
141 having an array of openings 142 spaced and configured
to recerve the array of fins 121. The fixture 140 may be
tabricated from any appropriate mold material such as,
without limitation, ceramic material.

Metal particles 127 of the desired size and concentration
are provided within the array of openings 142 as well as 1n
a secondary recessed area 143 to apply the metal particles
127 to the first surface 112 of the heat transier substrate 110.
The metal particles 127 may be provided in the recessed
portion 141 as a metal powder, for example. Alternatively,
the metal particles 127 may be provided in a metal particle
slurry comprising metal powder and a binder (or a binder
and a dispersant). It 1s noted that, 1n some embodiments, the
metal particles 127 may be provided on the fins 121 them-
selves 1n addition to, or 1n lieu of, being provided in the
recessed portion 141 as shown in FIG. 8. Additionally, the
metal mesh 124 may be partially disposed 1n the openings
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142 of the fixture 140 prior to positioning the fixture 140 on
the array of fins 121 rather than 1nitially providing the metal
mesh 124 on the fins 121 as shown 1n FIG. 8.

The fixture 140 1s then automatically or manually moved
toward the fins 121 and the heat transfer substrate 110 as
indicated by arrow B.

Referring now to FIG. 9, the fins 121, metal mesh 124 and
metal particles 127 are disposed within the recessed portion
141 1n close proximity with the interior surfaces of the
fixture 140. Accordingly, the fixture 140 assists 1n maintain-
ing the metal mesh 124 and the metal particles 127 on the
surfaces 125 of the fins 121 and the first surface 112 of the
heat transfer substrate 110.

After the fixture 140 1s positioned on the fins 121 and the
heat transfer substrate 110, the assembly 1s subjected to a
heat treatment process to sinter the metal particles 127, and
bond the metal mesh 124 and the metal particles to the
surtaces 125 of the fins 121 and the first surface 112 of the
heat transfer substrate 110 by diffusion bonding. Thermal
energy (schematically depicted as lines 150) 1s applied to the
assembly (i.e., the heat transfer substrate 110, fins 121, metal
mesh 124, and metal particles 127) to raise the temperature
of the assembly to a bonding temperature. The assembly 1s
maintained at the bonding temperature for a bonding dura-
tion to both sinter the metal particles 127 and to diffusion
bond the metal mesh 124 and the metal particles 127 to the
surfaces 125 of the fins 121 and the heat transier substrate
110. The bonding temperature should be close to the melting
temperature of the thermally conductive material of the heat
transfer substrate 110, the fins 121, the metal mesh 124, and
the metal particles 127. Accordingly, the bonding tempera-
ture and duration depends on the maternial chosen. The
bonding temperature and duration should be such that the

metal mesh 124 and the metal particles 127 are bonded to the
surfaces 125 of the fins 121 and the first surtace 112 of the

heat transfer substrate 110 with the desired micro-level
porosity.

In embodiments, the fixture 140 may remain on the fins
121 and the heat transier substrate 110 while the assembly
cools to a desired cooled temperature. For example, the
assembly may be allowed to cool at room temperature until
the assembly 1s at room temperature. After the assembly 1s
cooled to the desired cooled temperature, the fixture 140 1s
removed from the fins 121 and the heat transfer substrate
110. FIG. 10 schematically depicts a side view of a com-
pleted heat transfer substrate 110 and multiple-level porosity
heat sink 120 after heat treatment and removal of the fixture
140. It 1s noted that the metal mesh 124 and the layer of
metal particles 127 are 1llustrated schematically for illustra-
tion purposes only, and that embodiments are not limited to
the schematic representation of the figures.

The metal mesh 124 and the layer of metal particles 127
are provided on the surfaces 1235 of the fins 121 and the first
surface 112 of the heat transier substrate 110 to provide a
multiple-level porosity heat sink 120 having a macro-level
and a micro-level porosity.

FIG. 11 depicts an alternative method of fabricating a
cooling assembly 101. Rather than providing the metal
particles 127 1n the fixture 140 prior to applying the fixture
140 to the fins 121 and the first surface 112 of the heat
transier substrate 110, the metal particles 127 may be

introduced into the fixture 140 after placing the fixture 140
on the fins 121 and the first surface 112. FIG. 11 depicts a

fixture 140' applied to the fins 121 and the first surface 112

ol a heat transfer substrate 110 1n cross section. The open-
ings 142' of the fixture 140" are sized such that a gap 14%' 1s
present between an interior surface of the fixture 140" and the
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metal mesh 124 and/or the fins 121. The openings 142' are
fluidly coupled to one another by a channel 144" extending
within the fixture proximate a first surface 141'. One or more
inlets 146' are disposed within the first surface 141" of the
fixture 140'. The one or more inlets 146' are fluidly coupled
to the channel 144" and the openings 142'. It should be
understood that any number of inlets 146' may be provided.
Further, the one or more nlets 146' may be positioned on a
surface other than the first surface 141" as depicted 1n FIG.
11 (e.g., on one or more sides of the fixture 140").

The one or more 1nlets 146' are provided to introduce the
metal particles 127 (e.g., 1n the form of a metal particle
powder) 1nto the channel 144' and the openings 142'. As
shown 1n FIG. 11, the metal particles 127 may be disposed
within a metal particle source 150 and introduced into the
fixture 140' through the one or more 1nlets 146' as indicated
by the arrows. The metal particles 127 may be encouraged
by gravity to fill 1n the gaps 145' as well as within the metal
mesh 124. In some embodiments, the fixture 140' may be
vibrated or otherwise translated into in two or three dimen-
sions to encourage the metal particles 127 to fully fill the
fixture for equal distribution. After the fixture 140' 1s filled
with metal particles 127, the fixture 140' may be subjected
to a heat treatment process to bond the metal particles 127
and the metal mesh 124 to the fins 1235 and the first surface
112 of the heat transfer substrate 110 as described above and
depicted 1n FIG. 9.

It should now be understood that embodiments described
herein are directed to two-phase cooling assemblies includ-
ing at least one multiple-level porosity, three-dimensional
heat sink comprising one or more {ins extending from a
surface of a heat transfer substrate, a metal mesh, and a layer
of small metal particles. The metal mesh and the small metal
particles are bonded to at least the fin(s) to provide macro-
level and micro-level porosity, respectively. The multiple-
level porosity attributes of the heat sink may improve
two-phase heat transfer by creating multiple sites for nucle-
ate boiling to occur, increase available heat transfer area,
provide enhancement due to capillary assisted tlow, and
provide additional paths for vapor to escape. In some
embodiments, only a metal mesh providing a macro-level
porosity 1s bonded to the heat sink, while 1n other embodi-
ments, only the metal particles provide a micro-level poros-
ity 1s bonded to the heat sink. A porosity gradient of the
micro-level porosity may be utilized by varying the size and
distribution of the metal particles to achieve a desired
capillary pumping eflect to further increase thermal perfor-
mance of the multiple-level porosity heat sink.

While particular embodiments have been 1llustrated and
described herein, it should be understood that various other
changes and modifications may be made without departing
from the spirit and scope of the claimed subject matter.
Moreover, although various aspects of the claimed subject
matter have been described herein, such aspects need not be
utilized 1 combination. It 1s therefore intended that the
appended claims cover all such changes and modifications
that are within the scope of the claimed subject matter.

What 1s claimed 1s:

1. A cooling assembly comprising:

a heat transier substrate having a surface;

a thermally conductive fin comprising one or more sur-
faces, the thermally conductive fin extending from the
surface of the heat transfer substrate;

a metal mesh that 1s diffusion bonded to each of the one
or more surfaces of the thermally conductive fin, the
metal mesh conforming entirely to each of the one or
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more surfaces of the thermally conductive fin and
defining a macro-porosity; and
sintered metal particles that are at least one of sintered and
diffusion bonded to the surfaces of the thermally con-
ductive fin to form a layer of sintered metal particles,
wherein:
the sintered metal particles define a micro-level poros-
ity; and

an average diameter ol the sintered metal particles
increases from a base of the thermally conductive fin
to a top of the thermally conductive fin.

2. The cooling assembly of claim 1, wherein the thermally
conductive fin 1s an individual thermally conductive fin of an
array of thermally conductive fins extending from the sur-
face of the heat transfer substrate, and the layer of sintered
metal particles 1s bonded to each thermally conductive fin of
the array of thermally conductive {ins.

3. The cooling assembly of claim 2, wherein the layer of
sintered metal particles 1s bonded to the surface of the heat
transier substrate between adjacent thermally conductive
fins of the array of thermally conductive fins.

4. The cooling assembly of claim 1, wherein the heat
transier substrate, the thermally conductive fin, and the
sintered metal particles are made of copper.

5. The cooling assembly of claim 1, wherein the sintered
metal particles have an average diameter between about 40
um and about 150 um.

6. The cooling assembly of claim 1, further comprising an
impingement jet assembly comprising a fluid inlet channel
fluidly coupled to an array of orifices provided in a jet plate,
wherein the jet plate 1s offset from the heat transier substrate.

7. A cooling assembly comprising:

a heat transier substrate having a surface;

an array of thermally conductive fins comprising one or
more surfaces, the array of thermally conductive fins
being integrally formed with and extending from the
surface of the heat transfer substrate; and

a metal mesh that 1s diffusion bonded to the surfaces of the
array of thermally conductive fins and a surface of the
heat transfer substrate between adjacent thermally con-
ductive fins of the array of thermally conductive fins,
the metal mesh conforming entirely to each of the one
or more surfaces of the array of thermally conductive
fins and defining a macro-porosity.

8. The cooling assembly of claim 7, wherein the heat
transier substrate, the array of thermally conductive fins, and
the metal mesh are made of copper.

9. The cooling assembly of claim 7, wherein the metal
mesh 1s at least 50% porous.

10. The cooling assembly of claim 7, further comprising
an impingement jet assembly comprising a fluid inlet chan-
nel fluidly coupled to an array of orfices provided 1n a jet
plate, wherein the jet plate 1s offset from the heat transter
substrate.

11. A cooling assembly comprising:

a heat transfer substrate having a surface;

a thermally conductive fin comprising one or more sur-
faces, the thermally conductive fin extending from the
surface of the heat transfer substrate;

a metal mesh bonded to each of the one or more surfaces
of the thermally conductive fin, the metal mesh con-
forming entirely to each of the one or more surfaces of
the thermally conductive fin and defining a macro-level
porosity; and

sintered metal particles that are at least one of sintered and
diffusion bonded to the metal mesh and the surfaces of
the thermally conductive fin to form a layer of sintered
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metal particles, the sintered metal particles defining a
micro-level porosity, wherein an average diameter of
the sintered metal particles increases from a base of the
thermally conductive fin to a top of the thermally
conductive fin.

12. The cooling assembly of claim 11, wherein the metal
mesh and the layer of sintered metal particles are disposed
on at least a portion of the surface of the heat transfer
substrate.

13. The cooling assembly of claim 11, wherein the ther-
mally conductive fin 1s an individual thermally conductive
fin of an array of thermally conductive fins extending from
the surface of the heat transfer substrate, and the metal mesh
and the layer of sintered metal particles are bonded to each
thermally conductive fin of the array of thermally conduc-
tive fins.

14. The cooling assembly of claim 13, wherein the metal
mesh and the layer of sintered metal particles are bonded to

the surface of the heat transier substrate between adjacent
thermally conductive fins of the array of thermally conduc-
tive fins.

15. The cooling assembly of claim 11, wherein the metal
mesh 1s bonded to the each of the one or more surfaces of
the thermally conductive fin by diffusion bonding.
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16. The cooling assembly of claim 11, wherein the heat
transier substrate, the thermally conductive fin, the metal
mesh, and the sintered metal particles are made of copper.

17. The cooling assembly of claim 11, wherein the sin-
tered metal particles have an average diameter between
about 40 um and about 150 um.

18. The cooling assembly of claim 11, further comprising
an impingement jet assembly comprising a tluid inlet chan-
nel fluidly coupled to an array of onfices provided 1n a jet
plate, wherein the jet plate 1s offset from the heat transier

substrate.

19. The cooling assembly of claim 1, wherein the layer of
sintered metal particles are at least one of diffusion sintered
and diflusion bonded to a top surface and peripheral surfaces
of the thermally conductive fin and the layer of sintered
metal particles comprises a thickness that 1s constant along,
the peripheral and top surfaces of the fin.

20. The cooling assembly of claim 19, wherein the
thickness of the layer of sintered metal particles 1s about
0.25 mm.

21. The cooling assembly of claim 2, wherein layers of
sintered metal particles on opposing surfaces of two adjacent
thermally conductive fins of the array of thermally conduc-
tive fins are spaced apart from one another.
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